solution fluoride effect, fluoride in the solution environment, such as saliva, would inhibit the dissolution of tooth mineral [Wong et al., 1987] . Studies have shown that dental mineral dissolution rates are significantly reduced in acidic solutions with low levels of fluoride present [Margolis et al., 1986; Takagi et al., 2000] and solution fluoride of 0.1-2 mg/l may accelerate the seeded crystal growth of fluoridated hydroxyapatite (HAP) [Varughese and Moreno, 1981] . Although there is controversy with regard to which effect is more important in the prevention of dental caries [Widenheim et al., 1986; DePaola, 1991; Glenn, 2000] , more researchers tend to believe that the solution fluoride effect is the more important effect [Thylstrup, 1990; Featherstone, 2000; Rosin-Grget and Lincir, 2001 ]. This could be due to multiple studies of the lattice fluoride effect on the crystallinity and the solubility of fluoride-incorporated apatites, showing that there was no clear correlation between fluoride substitution level and apatite crystallinity and also no correlation between crystallinity and the dissolution tendency of those apatites [Driessens, 1973; Moreno et al., 1974 Moreno et al., , 1977 Okazaki et al., 1981 Okazaki et al., , 1982 . However, there is a lack of research that provides a direct comparison between the lattice fluoride effect and the solution fluoride effect.
There are significant variations in the dental enamel solubility product (Ksp) determined in previous studies [Patel and Brown, 1975; Larsen and Jensen, 1989] , possibly due to the impurities and defects present in enamel crystals. However, several studies [LaMer, 1962; Rootare and Deitz, 1962] have also shown that the Ksp of HAP preparations varies with initial solution composition and slurry density (solid-to-solution ratio), contrary to the thermodynamic principle. Carbonated apatite (CAP), a type of apatite with carbonate incorporated into the HAP crystals that therefore may mimic the composition of dental enamel, also shows a similar behavior of solubility dependence on slurry density [Hsu, 1993] . It is clear that the solubility behavior of dental enamel, HAP, or CAP cannot be explained by conventional thermodynamic approaches. Researchers have proposed a precipitated phase or surface complex of calcium phosphate, such as CaHPO 4 ؒ 2 H 2 O [Levinskas and Neuman, 1955] , Ca 2 (HPO 4 )(OH) 2 [LaMer, 1962] or Ca 3 (PO 4 ) 2 [MacGregor and Nordin, 1960] , other than the dental mineral or apatites, to explain their solubility behavior. Mir et al. [1969] first proposed a surface complex with FAP stoichiometry controlling the dissolution of powdered enamel in the presence of low concentrations of fluoride in solution. In addition, Moreno et al. [1977] , Brown et al. [1977] , and Driessens [1979] also postulated the existence of a precipitation phase or surface complex of FAP controlling the solubility of the fluoride-substituted apatites.
More recently, Higuchi's research group observed that the solubility behavior of CAPs in weak acid buffers demonstrates a metastable equilibrium solubility (MES) distribution phenomenon [Hsu et al., 1994; Baig et al., 1996 Baig et al., , 1999a Chhettry et al., 1999] . The concept of an MES distribution is: a CAP sample is a heterogeneous mixture of crystal domains with different solubilities; in a series of weak acid buffer solutions with different ionic activity product (IAP) values, which correspond to different solution saturation levels, only the CAP domains with solubility larger than the solution IAP value will dissolve in the solution rapidly (within hours or days); crystallization processes in the dissolution media are extremely slow, thus the undissolved CAP crystals maintain a metastable equilibrium with the solution; the solubility of the CAP sample in the particular solution is the MES, and the CAP shows an MES distribution in the series of partially saturated solutions with different IAP values. The investigators observed that the dissolution behavior of CAP in weak acid buffer solutions without fluoride present can be described by a MES distribution governed by a surface complex with a stoichiometry of HAP [Hsu et al., 1994; Chhettry et al., 1999] , and the dissolution behavior of CAP in weak acid buffer with fluoride present can be described by a MES distribution governed by a surface complex with a stoichiometry of FAP [Zhuang et al., 2000] . Powdered human dental enamel has also been shown to exhibit MES distribution behavior [Hsu et al., 1994] .
In the present study, we synthesized a series of fluoride-incorporated CAPs (F-CAPs) with a range of fluoride substitution levels corresponding to replacing up to 50% of the hydroxyl ion in the apatite. One of the purposes of this study was to test whether such F-CAPs would exhibit the MES distribution phenomenon in weak acid buffers with the fluoride present. Since the fluoride content of the dissolution media was much higher than the fluoride released to the media from the mineral after dissolution, this method was expected to provide an opportunity to observe the true solubility of such lattice F-CAPs and provide a quantitative evaluation of the lattice fluoride effect on the solubility of F-CAPs.
In addition, it has previously been demonstrated that the microstrain parameter is a better parameter to describe CAP crystallinity, and a good correlation between the microstrain parameter and the CAP MES in weak acid buffers with or without fluoride present has been observed [Baig et al., 1999b; Zhuang et al., 2001] . Accord-ingly, another purpose of this paper was to determine how the incorporated fluoride level could affect the mineral crystallinity by means of the microstrain parameter and whether there is a correlation between the MES and the microstrain parameters for the F-CAPs. Through this study we expected to have more quantitative understanding of the lattice fluoride effect on dental mineral crystallinity and solubility.
Materials and Methods

Preparation of F-CAPs
Two series of F-CAPs with varying fluoride contents at two carbonate levels (3 and 5%) were prepared by a precipitation method [Papangkorn et al., 2008] at 85 8 0.5 ° C (termed 3% series and 5% series for the 3 and 5% carbonate content, respectively). Seven samples in each series were synthesized by feeding 200 ml of 0.6 M Ca(NO 3 ) 2 solution and 200 ml of 0.36 M Na 2 HPO 4 solution containing 0-33.7 m M NaF and 31.5 or 69.0 m M NaHCO 3 at 1.4 ml/min by two peristaltic pumps (P-1, Pharmacia Biotech) into a 5-liter flask under stirred conditions. The two solutions were fed into the 5-liter flask containing 4 liters of doubly deionized water pre-equilibrated to 85 ° C. The stirring speed was controlled at 200 rpm by a Stirrer BDC2002 (Caframo) and the pH was maintained at 9.0 by titration with 1 M NaOH solution using a PHM 290 pH-STAT controller (Radiometer) and an ABU 901 AUTO burette (Radiometer). After the feeding of the calcium and the phosphate/carbonate/fluoride solutions was completed, the mixture was digested for 1 h under the same conditions. The residue was obtained by filtering the mixture and washed 3 times with doubly deionized water. The final residue was then oven dried at 60 ° C for 48 h. Then the solid was ground into fine powder and stored for later use.
Characterization
The F-CAPs were analyzed for calcium, phosphate, carbonate, and fluoride content and their specific surface areas were determined. Calcium content was analyzed by the method of Sarkar and Chauhan [1967] , phosphate by the method of Gee et al. [1954] , and carbonate by the micro diffusion method of Conway [1962] . Fluoride content was determined by dissolving a small amount of the F-CAPs with 1 ml of 1 M HClO 4 solution, and then adjusting to pH 5.0 with NaOH; the final solution was measured with a fluoride ion selective electrode (Radiometer) [Barry et al., 2003] . The specific surface area of each F-CAP sample was determined by the BET method with nitrogen as the adsorbate (Monosorb; Quantachrome, New York, N.Y., USA). It was assumed that the F-CAPs were B-type CAPs with a stoichiometry of Ca 10 (PO 4 ) 6-0.67y (CO 3 ) y (OH) 2-2x (F) 2x , where x and y were calculated based on the amounts of fluoride and carbonate in the F-CAPs, respectively. The fluoride substitution level, defined as the fraction of hydroxide ions being substituted by the fluoride ions, is the x value.
X-ray diffraction data were collected with a Siemens D5000 high-resolution powder diffractometer with a curved graphite crystal monochromator in the diffracted beam. Cu K ␣ rays were produced at 40 kV and 40 mA and a step size of 0.02° was used at 10 s/step in the range of 20-90° 2 for all F-CAP samples. The microstrain parameter, the crystal size parameter, and the unit cell parameters a and c were determined through analysis of the X-ray data using the Rietveld refinement method (DBWS 9411 program) [Young et al., 1995; Baig et al., 1999b] . A higher microstrain parameter indicates a lower crystallinity. The larger the crystallite size parameter, the smaller the size of the mineral crystal and therefore the larger the sample specific surface area.
Preparation of the MES Solution
NaCl (4 M) , sodium acetate (2 M) , acetic acid (2 M) , CaCl 2 (1 M), and Na 2 HPO 4 (1 M) stock solutions were prepared. The stock solutions (except acetic acid) were de-fluoridated twice using HAP powder (Bio-Rad) (1 g of HAP per liter of solution stirred for 24 h each time, and then filtering out the HAP powder), which gave fluoride concentrations of less than 0.1 mg/l. Then a series of 0.1 M acetate buffer solutions were prepared at two fluoride concentrations (0.2 and 2 mg/l) to which calculated amounts of CaCl 2 , Na 2 HPO 4 (Ca/P = 1.67), and standard fluoride solution (1,000 mg/l) were added in order to attain a predetermined IAP based on the stoichiometry of FAP [Ca 10 (PO 4 ) 6 F 2 ]. The ionic strength of each of these solutions was adjusted to 0.5 M using NaCl. Then the pH was adjusted using 1 M NaOH or 1 M HCl. For most experiments, CHEMIST TM software (MicroMath, Salt Lake City, Utah, USA) was used in the calculation of the IAP of the MES solutions.
Determination of MES Distribution
The method used for the determination of the MES of apatites has been previously described [Chhettry et al., 1999; Papangkorn et al., 2008] . Briefly, 10 mg of the F-CAPs were allowed to equilibrate with a series of partially saturated MES solutions for 2 days under stirring at 300 rpm with a stir bar, with the temperature being maintained at 30 ° C. In order to prevent significant changes in the IAP of the MES solutions due to dissolution of CAPs in the media, a high solution-to-solid ratio was maintained; typically a 2-liter MES solution volume was used for each 10 mg F-CAP. In most of the experiments, the MES distributions of F-CAPs were determined at pH 5.7, and in some cases the MES distributions were also determined at pH 5.0. At the end of the stipulated equilibration time, the undissolved F-CAPs were recovered by filtration through 0.22-m membrane filters. The solid residue was dissolved by 0.1 M HClO 4 and analyzed for calcium and phosphate, and the results were then used to calculate the fractions of F-CAPs dissolved in the corresponding MES dissolution media. The pH of the MES solution postequilibrium was measured and the fluoride concentration of the solution after filtering was determined by a fluoride ion selective electrode. The calcium and phosphate concentrations of the postequilibrium solutions were also measured. Then the IAP based upon the FAP stoichiometry, pI FAP = [-log(a Ca 10 a PO 4 6 a F
2 )], of the MES solutions after equilibration with the F-CAP solid was calculated from the experimental data. Plots were then made of the fraction of F-CAP dissolved versus the corresponding pI FAP of the MES solution after MES equilibrium. The mean pI FAP values (the pI FAP value at which 50% of the F-CAP was dissolved) of F-CAPs were determined by fitting the MES distribution data with the error function model using Scientist (MicroMath).
Results
Characterization of the F-CAPs
The chemical compositions of the two series of F-CAPs are listed in table 1 , together with the fluoride substitution extent in each F-CAP. There was a linear relationship between the fluoride contents in the F-CAPs and the amounts of NaF added during synthesis. In addition, the calcium, phosphate and carbonate contents were relatively constant for each series of F-CAPs.
The X-ray powder diffraction patterns for all of the F-CAPs are shown in figure 1 . The microstrain parameters, crystallite size parameters, unit cell a-axis values, unit cell c-axis values, and weighted profile factor (R-Wp) of the fitting obtained from the Rietveld refinement method are reported in table 2 . Based on the R-Wp values, the Rietveld refinement fittings of the X-ray data were good for all of the samples.
The relationships between the unit cell a-axis value and the fluoride substitution extent for both the 3% and the 5% series of the F-CAPs are shown in figure 2 a. The a-axis value decreases as the fluoride substitution extent increases for both series of F-CAPs. Figure 2 b shows the relationship between the microstrain parameter and fluoride content for both the 3% and the 5% series of the F-CAPs. The microstrain parameters were smaller in F-CAPs with a high fluoride content, which indicates that such F-CAPs exhibit higher crystallinity. In table 2 , we report the specific surface area of each sample determined from the BET experiments. Figure 3 shows the relationship between the crystallite size parameter and the specific surface areas for both the 3% and the 5% series of the F-CAPs. A nonlinear relationship between the crystallite size parameter and the specific surface area is apparent. 
Determination of the MES of the F-CAPs
The MES distributions of the two F-CAP series of 14 samples are presented in figure 4 . For all samples, the MES distributions at 0.2 mg/l solution fluoride and those at 2.0 mg/l solution fluoride in pH 5.7 buffer are superposed. In addition, for the 4 F-CAPs in the 3% series for which experiments were conducted in pH 5.0 buffer at the two fluoride concentrations, the MES distributions are also superposed with each other ( fig. 4 a,  c, e, g ). figure 5 . In addition, the mean pI FAP values and the microstrain parameters for some CAPs with no lattice incorporated fluoride, obtained from a previous study [Zhuang et al., 2001] , are also plotted here. A linear regression line of the data points from the previous CAP study is also shown in figure 5 . The data points for all the 14 F-CAPs fall in line with the previous CAP data.
Discussion
In figure 2 a, we note that the crystallite unit cell aaxis value of the F-CAPs decreases as the fluoride substitution extent increases. The contraction in the a-axis indicates that the fluoride was incorporated into the mineral crystal lattice and was not just adsorbed to the surface. This result is in good agreement with the observations on F-CAPs of Okazaki et al. [1982] and the observations on fluoride-incorporated hydroxyl apatites of Moreno et al. [1977] . In addition, the differences in a-axis values between the two F-CAP series of different carbonate content are consistent with the observations of LeGeros [1991] on the carbonate content effect on the aaxis value. The unit cell c-axis values show little change with the addition of fluoride into the lattice within a series ( table 2 ) , but a comparison of the c-axis values between the two series of F-CAPs shows some differences, mainly in terms of the contribution of the different carbonate contents of the samples. This is also consistent with the observations of LeGeros [1991] .
In one of our previous reports, we discussed in detail that the microstrain parameter is a better indicator of CAP crystallinity than the full width at half maximum (FWHM) of some reflection peaks of the X-ray diffraction profile, because both the imperfection of the crystallite (microstrain) and the crystallite size may contribute to peak broadening, and that the Rietveld refinement method may allow separation of the two contributions [Baig et al., 1999b] . In this study, we observed that fluoride incorporation into the CAP mineral lattice increases the mineral crystallinity, especially for high fluoride substitution extents as demonstrated in figure 2 b. However, for low fluoride contents (from 0 to 2,000 g/g), there is a complicated relationship between the microstrain parameter and the extent of fluoride substitution. For the F-CAPs of high carbonate content (5% series), the microstrain parameter first decreases and then increases; this might possibly be due to small variations of the carbonate content for this series which first decreases and then increases. For the 3% series F-CAPs with a lower carbonate content, the microstrain parameter is relatively insensitive to the fluoride substitution extent over a wide range. Featherstone et al. [1983] also observed that when CAP contained 100 g/g fluoride, there was no significant change of the FWHM of the 211 X-ray diffraction peak at 3% carbonate, but there was a significant narrowing of the peak at 6% carbonate. In addition, Okazaki et al. [1982] also observed that at high fluoride contents, the FWHM values for both the 002 peak and the 300 peak were smaller and there were fluctuations for the FWHM at low fluoride contents. Our observations are consistent with these previously reported results, but employing the microstrain parameter instead of the FWHM may allow for determining a more precise relationship between mineral crystallinity and the fluoride substitution extent. As can be seen in figure 2 b, fluoride incorporation into the crystallite lattice only contributed modest changes to the apatite crystallinity as reflected by the microstrain parameter values. This modest change in apatite crystallinity by fluoride incorporation corresponds very well to the modest shifts of the F-CAP MES distribution curves in fluoride-containing acetate buffers ( table 2 ). The most dramatic shift in the MES distribution curve is exhibited with the 5%-F20K sample, which has a high carbonate content and a fluoride substitution extent of about 0.5. Compared to the mean pI FAP of 5%-F0, which is the sample with the same high carbonate content but zero fluoride substitution, the mean pI FAP of the 5%-F20K sample shifts 1.6 pI FAP units to the right, or in the less soluble direction. In other words, the 5%-F20k sample is 1.6 pI FAP units less soluble than the 5%-F0 sample (or the fluoride incorporation reduces its solubility by 1.6 pI FAP units). However, for the F-CAPs with the lower carbonate content, the shift of the mean pI FAP (the mean pI FAP difference between 3%-F0 and 3%-F20K) is insignificant, which indicates that the fluoride incorporation should have little impact on the 3% series solubilities. Featherstone et al. [1983] also observed that fluoride incorporation could significantly change the dissolution rate of a CAP of high carbonate content (6%) even with only 100 g/g fluoride content, while showing no significant change for a CAP possessing a lower carbonate level (3%). Okazaki et al. [1982] attempted to study the fluoride lattice effect on the apatite crystallinity, solubility, and dissolution rate but could not successfully establish a relationship between the apatite crystallinity and the solubility, possibly because the authors assumed that the solubility was controlled by the bulk solid composition of the apatite and did not consider the possibility of the apatite dissolution behavior being governed by a surface complex with a composition different from that of the bulk solid. In addition, the fluoride released into the solution during the solid dissolution could also affect the apatite solubility. In the present study, all of the solubility experiments were conducted in solutions with either 0.2 or 2 mg/l fluoride present before the experiment, and the solution fluoride concentration during the experiment changed by less than 10%. Therefore, the fluoride released from apatite during dissolution would not affect its solubility determination under our experimental conditions. Additionally, the MES distributions of all of the F-CAPs were found to be clearly consistent with the FAP surface complex governing the solubility behavior in the acetate buffer solutions with fluoride present. Also, a linear correlation could be successfully established between the MES and the crystallinity no matter how much fluoride was incorporated into the F-CAPs ( fig. 5 ). These results once again suggest that the microstrain parameter is a good indicator of the crystallinity of the F-CAPs, and the MES of the F-CAPs is a single-valued function of the microstrain parameter.
The MES distribution approach has provided a means to quantitatively evaluate the lattice fluoride effect and also to directly compare the relative importance of the solution fluoride effect and the lattice fluoride effect. As mentioned above, the most significant lattice fluoride effect in the present study is the case of the 1.6 pI FAP unit shift for the 5%-F20K sample compared to the 5%-F0 sample, with about 50% fluoride substitution for hydroxyl ion in the apatite. It has also been found previously that CAP samples exhibit the MES distribution phenomenon in acetate buffers without fluoride present and in this case the MES distributions are governed by an HAP surface complex [Chhettry et al., 1999] . For this situation we may use the mean pI HAP (the solution IAP value based on the HAP stoichiometry [-log(a Ca 10 a PO4 6 a OH
2 )] at which 50% of the apatite was dissolved) to denote its solubility in acetate buffer without fluoride present. For a particular CAP preparation (with relatively high crystallinity) without fluoride incorporation, its mean pI FAP value (the IAP value based on the FAP stoichiometry of an MES solution with fluoride present in which 50% of the CAP would dissolve) is close to its mean pI HAP value (the IAP value based on HAP stoichiometry of an MES solution with no fluoride present in which 50% of the CAP would dissolve). We demonstrated this relationship in a previ- Color version available online ous study [Papangkorn et al., 2008] . As a specific example, the CAP sample 3%-F0 shows solubility with a mean pI FAP value of 116.7 in the MES dissolution media with fluoride present, and we would expect this CAP sample to show solubility with a mean pI HAP value very close to 116.7 in MES dissolution media with no fluoride present. In other words, we would expect 50% of the 3%-F0 sample to be dissolved in an acetate buffer MES dissolution medium with no fluoride present and with a pI HAP value of 116.7. However, if 0.2 mg/l fluoride is added into this MES dissolution media (which has a pI HAP value of 116.7 at pH 5.0 or pH 5.7), its pI FAP value will be 110.7 at pH 5.7 and 109.2 at pH 5.0. Based on figure 4 a, it is obvious that none of the 3%-F0 would dissolve in the MES solution with a pI FAP of 110.7 or 109.2. In order to achieve the same solubility as before adding the 0.2 mg/l fluoride into the solution, which is to dissolve 50% of the 3%-F0 in the MES solution containing 0.2 mg/l fluoride, the solution pI FAP needs to be 116.7. This corresponds to 6.0 units of pI FAP difference for the pH 5.7 solution and 7.5 units of pI FAP difference for the pH 5.0 solution, which we assumed as the solution fluoride effect for the 0.2 mg/l concentration. This solution fluoride effect at 0.2 mg/l (6.0 units to 7.5 units shift depending upon the solution pH) is obviously much greater than the maximum 1.6 pI FAP units resulting from 50% fluoride lattice incorporation found in the present study. This finding supports the current view that the lattice fluoride effect is a minor effect compared to the solution fluoride effect [Thylstrup, 1990; Featherstone, 2000] .
We used a relatively high solution-to-solid ratio for the MES experiments with or without the fluoride present for the purpose of maintaining a relatively unchanged pI value even after the solid dissolved into the MES solution. The in vivo situation would almost certainly be more complex. In a developing caries lesion, a much lower solution-to-solid ratio would be expected. It would also be possible that the fluoride in saliva could either adsorb on the tooth surface or precipitate out as a solid phase on the tooth. On the other hand, the adsorbed fluoride or precipitated fluoride solid phase could still act as a fluoride reservoir for supplying fluoride to the microenvironment [Chow, 1990] . In any case, the fluoride concentration in the saliva could be significantly lower than the 0.2 mg/l we used in the MES study, and thus possibly this may correspond to a smaller solution fluoride effect.
In summary, this investigation has demonstrated that the two series of F-CAPs show the MES distribution behavior in weak acid buffers with solution fluoride present, and this MES distribution is governed by a surface complex with the stoichiometry of FAP. The microstrain parameter can be used to quantitatively describe the crystallinity of the F-CAPs. The lattice fluoride shows a modest effect on mineral crystallinity, and this modest crystallinity increase has been observed only in the F-CAPs at the highest fluoride substitution extent (50%) with a high carbonate content. A linear correlation between the microstrain parameter of the F-CAPs and the corresponding MES (mean pI FAP ) of the F-CAPs has been found. This correlation line falls on the same line as previous results obtained with CAPs with no lattice incorporated fluoride. All of the present results indicate that lattice incorporated fluoride would have only a minor effect on the solubility and the crystallinity of F-CAPs, while solution fluoride would show significant effects on reducing apatite solubility.
